1. Coronavirus virology {#sec0001}
=======================

Human coronaviruses (hCoVs) are a group of enveloped RNA viruses that are composed of a single stranded positive sense RNA genome (\~30 kb). The entire genome of hCoVs encodes spike (S) glycoprotein, membrane (M) glycoprotein, envelope (E) glycoprotein, nucleocapsid (N) protein, RNA polymerase and genes for numerous accessory proteins that modulate pathogenesis, among which the N protein is highly conserved in most coronaviruses and abundantly expressed during infection [@bib0001], thus acting as a critical antigen for viral detection. The S protein is biologically critical for tropism and modulation [@bib0002], and is considered to be integral in the capability of hCoVs to reach the brain \[[@bib0003],[@bib0004]\].

The hCoVs include seven strains, three of which, namely SARS-CoV-2, SARS-CoV, and Middle East respiratory syndrome-related coronavirus (MERS-CoV), may cause severe respiratory disease with a relatively high morbidity and mortality. In contrast, the other four strains OC43, 229E, NL63 and HKU1, are often associated with symptoms akin to the 'common cold' and hence, are relatively harmless. Based on genome analysis, the OC43 strain shares a 53•1% and a 51•2% identity with SARS-CoV and hCoV-229E, respectively [@bib0005]. The new strain, SARS-CoV-2 (previously called 2019-CoV), shares a 79% and 50% identity with SARS-CoV and MERS-CoV, respectively [@bib0006].

2. Association between hCoVs and neurological manifestation {#sec0002}
===========================================================

Mainly considered as respiratory viruses, a common manifestation from hCoVs related acute respiratory disease is hypoxia, which predisposes the brain to edema, disturbed metabolism, and subsequent neurological manifestation. However, hypoxia is not the only way hCoVs were related to central nervous system. In fact, hCoVs have also been shown to be capable of invading neural cells, and hence manifesting with neurological symptoms and signs ([Table 1](#tbl0001){ref-type="table"}). The potential for significant neurological deficits recently became a concern following the report of a COVID-19 patient who demonstrated loss of involuntary control of breathing due to presumed involvement of the inspiratory area in the brainstem, as well as reports of SARS-CoV-2 infected patients developing ataxia, loss of smell and convulsions [@bib0007].Table 1Representative cases of CNS infection with hCoVsTable 1hCoVAge/SexOnset SymptomsNeurological Symptoms/SignsChest RadiographyBrain CT/MRICSFOther Special TestsOutcomeRefSARS-CoV39/Mfever, chills, malaise, headache, dizziness, myalgiaobscured monocular vision (26) →dysphoria, vomiting, deliria (28) →coma (33) →brain herniation (35)left lower lobe infiltrates (11) →obvious resolution (28) →progressive bibasilar infiltrations (35)CT: broad encephalic pathological changes of probably ischemia and necrosis and brain edema (33)noneEye-ground exam: an exudation around the visual yellow zone (26)Death (35)[@bib0025]SARS-CoV32/Fmyalgia, fever, chills, rigor, unproductive cough (w26 of pregnancy)generalized tonic-clonic convulsion with loss of consciousness and up-rolling eyeballs for 1 min (29)Patchy consolidations over the right upper lobe and both lower lobes (7)MRI: no abnormalities (53)opening pressure of 15cm of water, clear, cultures (-), SARS-CoV by RT-PCR (+) (29)Electroencephalogram: no abnormalities (46)Recovery (34), pregnancy terminated by CS (15)[@bib0028]SARS-CoV59/Fswinging fever, chills, productive cough, diarrheavomiting, episodes of four-limb twitching, confused, disorientated →recurred and prolonged (\>30min) seizuresCT: progressive bilateral consolidationCT: no abnormalitiesNormal opening pressure, clear, cultures (-), SARS-CoV by RT-PCR (+)noneRecovery[@bib0029]MERS-CoV74/Mfeverataxia, vomiting, confusion (0) / dysmetria, decreased motor power on the left side (3) →coma, GCS 3-4 (27)infiltrate in the mid right lung zone (3) →progression in air space disease (10)CT: multiple chronic lacunar strokes but no acute changes (3) →an interval development of numerous patchy and one large hypodensities (27)\
MRI: moderate chronic small vessel ischemic changes (8) →multiple bilateral patchy areas of signal abnormality (31)MERS-CoV by RT-PCR (-)noneDeath (37)[@bib0030]MERS-CoV57/Mflu-like illness, fever, diabetic footunresponsive, hypotensive with left-sided facial paralysis (7)CT: two subtle hypodensities at right semiovale and left basal ganglia, likely small lacunar infarctions, near total occlusion at origin of internal carotid arteries with M1 narrowing of left MCA (7)\
CT: interval multiple patchy hypodensities. MRI: bilateral signal abnormalities consistent with acute infarction (11)nonenoneDeath (12)[@bib0030]MERS-CoV45/Mproductive cough, dyspnea, rigors, fever, diarrheaLow GCS (34)infiltrate in the lower and mid right zones (10)CT: no acute abnormality (34)\
MRI: confluent T2W1/FLAIR hyperintensity within the white matter of both cerebral hemispheres and along the corticospinal tract (35)MERS-CoV by RT-PCR (-)Recovery (117)[@bib0030]MERS-CoV34/Fhigh-grade fever, generalized bone pain and fatigueSevere headache, nausea, vomiting, GCS 3/15 (15)right lung homogenous opacityCT: right frontal lobe intracerebral hemorrhage with massive brain edema and midline shift (15)Death (∼60)[@bib0031]MERS-CoV28/Mfever, generalized myalgia, dizziness, productive coughWeakness in both legs and inability to walk with numbness and tingling in stocking distributionMRI: normalnormalNCV: length dependent axonal polyneuropathyRecovery[@bib0031]OC4315/Mupper respiratory tract illnessnumbness in the lower extremities, difficulty walking, clumsiness in right hand, increased irritability / mild distal weakness in the right hand and foot, patchy loss of vibration and temperature sensation below T10, mild dysmetria of the left hand, poor heel-to-toe walking, antalgic gait (7)MRI: lesions on T2-weighted imaging at C4-C5 and at T7-T8. The spinal cord lesions were non-enhancing. Patchy areas of hyperintensity (7) →MRI: improvement of the lesions in the brain and cerebellum (∼42) →MRI: a possible new lesion in the left hemisphere of the cerebellum. The periventricular lesion in the right cerebral hemisphere appeared brighter and larger. The spinal cord lesions had resolved (90)OC43 by RT-PCR (+)Recovery[@bib0013]OC43 + 229E3/Ffever, rhinorrhea, cough, weaknessinability to walk / damaged swallowing, chewing and speech functions, muscle strength 0/5, absent deep tendon reflexes, flexor plantar response (1)normalMRI: no abnormalitiesnormal pressure, glucose and protein, culture (-)EMG: no pathological findings.Recovery[@bib0015][^2]

2.1. hCoV-OC43 and hCoV-229E {#sec0003}
----------------------------

*In vitro* studies have shown that 229E and OC43 hCoV strains can infect a wide range of human neural cell cultures, including neuroblastoma, neuroglioma, astrocytoma, microglial and oligodendrocytic cell lines [@bib0008], [@bib0009], [@bib0010]. In addition, animal studies have also revealed the neuroinvasion and neurovirulence of hCoV-OC43 \[[@bib0004],[@bib0005],[@bib0011], [@bib0012], [@bib0013]\]. Importantly, a significantly higher prevalence of the OC43 strain in terms of viral RNA detection has been shown in human brain autopsy samples from multiple sclerosis (MS) patients when compared to other neurological diseases and normal controls, which is consistent with the capability for neuroinvasion of this hCoV [@bib0003]. Furthermore, OC43 has also been identified in a teenager patient with demyelinating disease, in whom the virus was detected in both CSF and nasopharyngeal secretions by PCR technology [@bib0014]. The hCoV-OC43 has also been associated with a fatal encephalitis in an infant although the underlying circumstances are still unclear [@bib0015]. Additionally, co-infection with the 229E and OC43 strains has been reported in a young girl who developed an acute flaccid paralysis [@bib0016].

2.2. SARS-CoV and MERS-CoV {#sec0004}
--------------------------

SARS-CoV and MERS-CoV have also been linked with neurological manifestations. SARS-CoV has been shown to be capable of infecting human neural cells [@bib0017], and neuroinvasion and neurovirulence have been found in studies involving both SARS-CoV [@bib0018], [@bib0019], [@bib0020], [@bib0021], [@bib0022], [@bib0023] and MERS-CoV \[[@bib0024],[@bib0025]\]. An association of these two more highly pathogenic viruses with neurological manifestations have also been reported. For instance, SARS-CoV particles and genomic sequences have been detected from post-mortem brain tissues of SARS patients [@bib0026], [@bib0027], [@bib0028]. They have also been detected using RT-PCR in CSF samples from a 32-year-old pregnant female patient who presented with a brief duration generalized convulsion and accompanying loss of consciousness [@bib0029] and within 24 h of a first seizure in a 59-year-old female patient [@bib0030]. Although there is less of direct evidence of viral presence in the CNS, MERS patients have also presented with neurological findings, such as altered consciousness, as well as manifested with a wide range of abnormalities on brain MRI \[[@bib0031],[@bib0032]\].

Regarding the regional distribution of the virus in the CNS, data from the post-mortem studies have shown that infection from SARS-CoV was confined to neurons within selected areas of the brain, including thalamus, cerebrum, brainstem, hypothalamus and cortex \[[@bib0022],[@bib0027]\]. Intriguingly, SARS-CoV has been detected in cerebrum, but not in cerebellum, in both animal [@bib0022] and human [@bib0028] studies. In animals infected in the CNS with MERS-CoV, the thalamus and brain stem were found to be the highest infected sites [@bib0025].

3. Dissemination pathways for coronavirus to gain access to the CNS {#sec0005}
===================================================================

Data from multiple hACE2 transgenic mouse models has revealed that SARS-CoV detection in the brain is significantly delayed compared to that within the lung, consistent with the initial establishment of infection within the respiratory system before dissemination to the CNS [@bib0021], [@bib0022], [@bib0023]. Several dissemination routes have been proposed for coronaviruses to gain access to the CNS ([Fig. 1](#fig0001){ref-type="fig"}).Fig. 1**Possible dissemination routes of CNS infection with hCoVs**. Route 1 (yellow solid arrows): olfactory nerve to olfactory cortex of temporal lobe to hippocampus to amygdala, or to hypothalamus; Route 2 (green dot arrows): via serotoninergic dorsal raphe system; Route 3 (red dot arrows): via hematogenous route and Virchow-Robin spaces; Route 4 (gray dot arrows): via lymphatic system. Dissemination routes with empiric data are indicated by solid arrows, and speculative ones are indicated by dot arrows. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)Fig. 1

3.1. Transneuronal route {#sec0006}
------------------------

The mouse hepatitis virus (MHV), a neurotropic coronavirus, has been shown to enter the CNS via a transneuronal route and disseminate within the brain via neuroanatomic pathways [@bib0033]. In mice transgenic for hACE2, SARS-CoV seems to enter the brain via the olfactory bulb post intranasal inoculation before disseminating transneuronally to distal connected neurons and causing the dysfunction/death of these infected neurons [@bib0018]. A similar dissemination pattern has also been detected in OC43-inoculated mice \[[@bib0005],[@bib0013]\]. However, different observations were found in another hACE2 transgenic mouse model, in which no SARS-CoV was detected in the olfactory bulb, or preferentially in sites transneuronally connected to the olfactory bulb [@bib0022]. In addition, a recent study has revealed that ACE2 (Angiotensin-converting Enzyme 2) and TMPRSS2 (transmembrane protease, serine 2), two key genes involved in SARS-CoV-2 entry, are not expressed in olfactory sensory or bulb neurons, but rather in olfactory epithelial cells [@bib0063], suggesting the involvement of other dissemination mechanisms independent of axonal transport.

3.2. Neurotransmitter pathway {#sec0007}
-----------------------------

It has also been proposed that hCoVs can gain access to the CNS via the certain neurotransmitter pathways such as serotoninergic dorsal raphe system [@bib0018], which primarily projects to cerebral cortex, neostriatum, amygdala, substantia nigra, pons, hippocampus, entorhinal cortex and locus coeruleus. However, this hypothesis is speculative and requires to be further tested *in vivo* models.

3.3. Hematogenous route {#sec0008}
-----------------------

Viremia has been observed following intranasal inoculation with MHV [@bib0034] and SARS-CoV [@bib0021] in transgenic mice. In addition, viral RNA has been measured in the blood of patients infected with SARS-CoV and MERS-CoV [@bib0035] and thus, the dissemination of these two viruses to the CNS may be mediated by the hematogenous route through a damaged blood-brain barrier (BBB).

Once crossing the BBB, hCoVs-infected cells could potentially invade the brain through perivascular spaces, also known as Virchow-Robin spaces. These fluid-filled spaces are implicated as sites in which macrophages and lymphocytes interact to initiate immune response in patients with viral encephalitis [@bib0036]. For instance, the cryptococcal organisms in AIDS patients have been shown to disseminate through the Virchow-Robin spaces before further propagation into other brain regions [@bib0037]. Whether hCoVs could disseminate via the same route remains unclear.

3.4. Lymphatic systems {#sec0009}
----------------------

The intranasal inoculation of rodents with MHV has also revealed a lymphatic dissemination of coronavirus via cervical and mesenteric lymph nodes in addition to viremia [@bib0034]. Additional studies are required to determine the role of this potential dissemination route.

4. Long-term effects post acute infection {#sec0010}
=========================================

The infection of hCoVs may also result in long-term neurological deficits. The pathologic examination of brain tissue collected from a SARS patient revealed necrosis of neurons and broad hyperplasia of gliocytes, indicative of the presence of a chronic progressive encephalitis during the course of viral infection [@bib0026]. In addition, scattered red degeneration of neurons, a sign of neuronal hypoxia or ischaemia [@bib0027], as well as oedema around small veins with demyelination of nerve fibres [@bib0038], have been detected in brains of SARS patients, which may provide an explanation for an incidence of long-term neurological [@bib0039] and/or psychological [@bib0040] abnormalities observed in SARS survivors.

In surviving mice post hCoV-OC43 infection, spongiform-like degeneration was a residual finding post acute infection, indicating the possibility of neurodegenerative neuropathological sequelae [@bib0004]. Further, a decline of locomotor activity and an abnormality in the limb clasping reflex were observed starting several months after viral infection, and neuronal loss especially in the hippocampal region was still detectable one year post infection [@bib0041]. Although the majority of infectious virus (80%) was cleared in surviving animals, viral RNA could persist for months [@bib0041]. Even for cells that have survived the initial viral infection, little is known about their long-term functional status. To better understand this, CoV-infected models that allow the identification and isolation of survival cells, such as the Cre reporter mouse model of MHV infection, may be helpful [@bib0042]. Recovery from acute infection does not necessarily promise complete clearance of the virus, and if an infection were to becomes chronic, it may result in long-term sequelae including chronic neurological diseases. However, given the limited clinical data, the long-term effects of hCoVs on the CNS post acute infection are unknown and thus, more studies involving the long-term follow-up of survivors are needed.

5. Receptors or antibodies for virus entry in the CNS {#sec0011}
=====================================================

5.1. Angiotensin-converting enzyme 2 (ACE2) {#sec0012}
-------------------------------------------

ACE2 was reported as a functional cellular receptor for SARS-CoV due to the ability of the S1 domain of the spike (S) protein to efficiently bind to ACE2 for subsequent viral replication in the cytoplasm of sensitive cells [@bib0043]. In addition, previous autopsy studies have inferred that only ACE2-postive cells were susceptible to SARS-CoV infection because the S protein and its RNA could not be detected in ACE2-negative cells [@bib0044]. It has been reported that SARS-CoV-2 might also use ACE2 as a cellular receptor, despite a variation at some key residues of the receptor-binding domain compared to that of SARS-CoV [@bib0006].

The lack of ACE2 expression in neuronal cells at both transcription and protein level contrasts with the viral susceptibility of these cells and cytopathogenicity during the acute phase of infection in neural cell lines of human and rat origins [@bib0017] as well as in humans brains [@bib0045]. Even in hACE2 transgenic mice, when specific brain regions were heavily infected by SARS-CoV, the expression levels of hACE2 in the brain were no more than 0•1 to 1% of those found in the lungs [@bib0018]. Furthermore, even in cells highly expressing hACE2 in the transgenic animal model, SARS-CoV infection could be absent, indicating that the expression of hACE2 alone might not be sufficient for maintaining viral infection [@bib0046]. These findings suggest that other receptor(s) or co-receptor(s) are involved in the viral entry into neural cells.

5.2. Dipeptidyl peptidase-4 (DPP-4) {#sec0013}
-----------------------------------

DPP-4 (also known as CD26) was identified as a cellular receptor for MERS-CoV [@bib0047]. Two lines of human DPP-4 transgenic mice were found to have high affinity to infection by MERS-CoV \[[@bib0024],[@bib0025]\]. DPP-4 is expressed in human brains [@bib0048], therefore, when the virus gains access to the brain, cells expressing DPP-4 are potentially available for viral replication within the CNS.

5.3. Other potential receptors {#sec0014}
------------------------------

Aminopeptidase N (APN, also known as CD13), a cell-surface metalloprotease, was proposed as a receptor for hCoV 229E [@bib0049], as well as SARS-CoV [@bib0050]. Human aminopeptidase N was shown, *in vitro*, to be a cellular receptor for hCoV 229E infection of human neuronal, astrocytic and oligodendrocytic cell lines [@bib0051]. Another glycoprotein, namely CD209L (also called L-SIGN) has also been identified as an alternative cellular receptor for SARS-CoV [@bib0052]. In addition, the infection of SARS-CoV on ACE2-expressing cells seemed to be dependent on a proteolytic enzyme Cathepsin L (CTSL1) in a pH sensitive manner \[[@bib0053],[@bib0054]\]. The expression levels of these receptors in human brain, however, require further elucidation to determine the extent to which they may be responsible for the hCoVs infection in the CNS.

5.4. Antibodies {#sec0015}
---------------

In addition to known and putative receptors, antibody-dependent enhancement (ADE) of viral entry using the fusogenic spike protein has also been reported as a pathway to transfer coronavirus (MHV4) from infected cells to non-infected cells [@bib0055]. *In vitro* studies have shown that coronavirus entry could be mediated by special antibodies that bind the virus surface spike protein and facilitate subsequence viral entry of MERS-CoV [@bib0056] and SARS-CoV [@bib0057] in a receptor-like manner. The ADE pathway is particularly important for vaccine design and the development of antibody-based drug therapies.

6. Is SARS-CoV-2 likely to be present in the central nervous system? {#sec0016}
====================================================================

At present, it remains unknown whether SARS-CoV-2 is present in the CNS, possibly due to limited access to brain tissue and CSF from patients infected with the virus. Autopsies are being increasingly carried out, however, initial biopsies have been taken only from lung, liver and heart for histopathology [@bib0058]. Given that several strains of hCoVs have been shown to be present in the brain, as well as CSF \[[@bib0014], [@bib0015], [@bib0016],[@bib0026], [@bib0027], [@bib0028], [@bib0029], [@bib0030]\], with neuroinvasion and neurovirulence shown in cell culture and animal models \[[@bib0004],[@bib0005],[@bib0011], [@bib0012], [@bib0013],[@bib0017], [@bib0018], [@bib0019], [@bib0020], [@bib0021], [@bib0022], [@bib0023], [@bib0024], [@bib0025]\], it is reasonable to consider that the SARS-CoV-2 may also be present in the CNS. This is further supported by the fact that some COVID-19 patients present with headache, nausea and vomiting, symptoms that potentially indicates neurological involvement [@bib0059]. The frequency of neurological manifestations including changes in consciousness and acute cerebrovascular disease increase in parallel with the severity of the disease [@bib0060]. One study on nasal epithelium samples taken from a subset of COVID-19 patients exhibiting olfactory dysfunction has suggested that the disturbance of smell in these patients is more possibly due to SARS-CoV-2 infection of non-neuronal cells rather than olfactory neurons [@bib0063]. More recently, the report of a cohort of 58 COVID-19 patients showed a correlation between acute respiratory distress syndrome (ARDS) and encephalopathy, mainly agitation, confusion and corticospinal tract signs [@bib0061]. However, these findings need to be confirmed by studies on brain samples or CSF. The most efficient way to identify involvement of neurological systems remains to be determined. The presence of SARS-CoV-2 in CSF was confirmed by gene sequencing in a 56-year-old patient with COVID-19, which was the first direct evidence for the neuroinvasion of this novel coronavirus [@bib0062]. Brain samples remain the gold standard of confirmation, however, access to such samples will almost certainly remain very limited and it is not a practical or ethical consideration in larger cohorts, especially in mild to moderate cases. Several pathways of invasion for hCoVs have been proposed, including via the olfactory nerve, neurotransmitter pathways, hematogenous route, Virchow-Robin space surrounding arterioles and venules, lymphatic systems and receptors, from which alternative parameters and types of samples may offer opportunity for proof of CNS involvement. More studies are needed to evaluate and compare these alternative pathways and parameters. In addition, the timing of sampling needs further investigation, as the change of viral load in the human body at different stages of COVID-19-related infection and recovery remains unclear.

7. Outlook and perspective {#sec0017}
==========================

Though considered mainly as respiratory viruses, several strains of hCoVs have been detected in brains from patients with encephalitis and multiple sclerosis. In addition, the detection of SARS-CoV in CSF of patients with neurological manifestation has also provided direct evidence for the neuroinvasion and neurovirulence of hCoVs. However, the role of the virus in the process of the disease in acute phase as well as in the long term still remains elusive. The current strain SARS-CoV-2 can also potentially infect neuronal cells in the brain. Therefore, a better understanding of dissemination characteristics and neuropathogenesis of these hCoVs in the CNS is urgently needed.

7.1. Outstanding questions {#sec0018}
--------------------------

Catching a viral infection with ensuing cytokine release and tissue lesions may lead to a variety of CNS-related manifestations (delirium, headache, vomiting, etc.), which are recognizable for many viruses including hCoVs, however, these non-specific clinical symptoms and signs may be constitutional and represent systemic involvement rather than direct CNS infection. Therefore, we should be cautious when reporting cases with neurological symptoms and/or signs that lack solid evidence for CNS infection (e.g. absence of viral detection in CSF samples or abnormalities supportive of infection on brain imaging). It is particularly challenging when evaluate the neurological deficits during the advanced stage of COVID-19-related disease. The clinical diagnosis and treatment strategy has to be made on the basis of a differential diagnosis which includes hypoxia, respiratory, metabolic acidosis, ARDS-related encephalopathy, the effect or withdrawal of medications, and viral infection of the CNS.

8. Search strategy and selection criteria {#sec0019}
=========================================

PubMed search of articles: "human coronavirus", "SARS", "MERS", "OC43", "229E", "neurological symptom", "neurological sign", "neurological manifestation", "neuroinvasion", and "neurovirulence". Additional articles were selected based on articles in these searches and as suggested by reviewers.
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[^2]: All cases had fever and/or flu-like symptoms at the onset. Half of the patients (5/10) had headache, dizziness or vomiting as an early sign of neurological manifestation. 2/3 SARS patients had seizures, whereas 3/5 MERS patients and both OC43-infected cases had facial/limb paralysis. Unfortunately, MERS-CoV has not been detected in CSF samples of any of the reported cases. Ischaemic changes have been detected in images of half of the patients, while haemorrhagic pathology has been identified on one MERS patient. The OC43-related CNS-infected patients were younger compared to SARS and MERS patients. GCS: Glasgow Coma Scale; NCV: Nerve Conduct Velocity; EMG: Electroneuromyography.
